Abstract. This paper presents a predictive methodology and verification through experiment for the analysis and failure of adhesively bonded, hat stiffened structures using coupon level input data. The hats were made of steel and carbon fiber reinforced polymer composite, respectively, and bonded to steel adherends. A critical strain energy release rate criterion was used to predict the failure loads of the structure. To account for significant geometrical changes observed in the structural level test, an adaptive virtual crack closure technique based on an updated local coordinate system at the crack tip was developed to calculate the strain energy release rates. Input data for critical strain energy release rates as a function of mode mixity was obtained by carrying out coupon level mixed mode fracture tests using the Fernlund-Spelt (FS) test fixture. The predicted loads at failure, along with strains at different locations, were compared with those measured from the structural level tests. The predictions were found to agree well with measurements for multiple replicates of adhesively bonded hat-stiffened structures made with steel hat/adhesive/steel and composite hat/adhesive/steel, thus validating the proposed methodology for failure prediction.
Introduction
To develop and demonstrate design technology required to ascertain production-feasible and safety-reliable composite materials in vehicles, it is essential for the automotive and aerospace industries to determine the stiffness and strength of adhesively bonded assemblies made of such materials. The estimation of stiffness is fairly well developed (Xiao et al., 2004a, b) . However, the prediction of failure strength is less mature. The strength of an adhesively bonded structure is dictated by a variety of factors, including surface preparation and surface chemistry in addition to the mechanical properties of the constituents. Demonstrating damage tolerance is an important consideration in the design and development of an adhesively bonded structure (Atluri, 1997) . In the present paper, the effect of damage, in the form of an initial crack placed between the adhesive layer and the substrate (the flat steel sheet), on the strength of the bonded assembly is investigated and a fracture mechanics based methodology is developed to assess structural integrity. Figure 1 shows the configuration of the hat stiffened adhesively bonded structure (HABS) studied.
In fracture mechanics, the initiation of failure from a pre-existing crack is evaluated by comparing an appropriate calculated fracture mechanics parameter of the structure with its measured critical value through tests conducted at the coupon level. Therefore, fracture mechanics based methodology has three basic elements (1) calculation of the fracture parameter; (2) measurement of the critical values of that fracture parameter; and (3) application of a proper fracture criterion that relates the values of the computed fracture parameter to the measured fracture parameter in order to determine failure initiation in the structure. For the present study, the strain energy release rate (G) was selected as the fracture parameter.
Existing closed-form solutions for strain energy release rates are limited to idealized joints (Suo and Hutchinson, 1990; Hutchinson and Suo, 1992; Bao et al., 1992) and not applicable to the present hat structure that exhibits non-linear material behavior and non-linear geometric effects when subjected to mechanical load. Therefore, the virtual crack closure technique (VCCT) (Rybicki and Kanninen, 1977; Shivakumar et al., 1988; Krueger, NASA/Cr-2002-211628; Xie and Biggers (accepted, submitted) was used to calculate the strain energy release rate for the structure in conjunction with a finite element analysis (FEA). To accommodate geometric nonlinearity, a local coordinate system was attached to the crack tip and used in conjunction with an adaptive VCCT. Since the embedded crack had the possibility of turning into the adhesive, a kinking VCCT was needed (Xie et al., 2004 ). An interfacial element was developed to allow implementation of the adaptive kinking VCCT into the commercial FEA software ABAQUS , with a user subroutine (UEL), so that strain energy release rates could be calculated simultaneously with the stress analysis that was also carried out using ABAQUS without additional postprocessing.
The fracture envelope (G C vs. ψ) of the joint was measured through the use of adhesive joint coupons (Chung and Wass, 2002) . The initial crack was artificially created along the adhesive/steel substrate interface by embedding Telfon tape at the end of the adhesive bead. Due to the wide range of loading possibilities encountered in practice, joint coupons needed to be tested under mixed mode (ψ) loading cases to obtain a complete fracture envelope. The Fernlund and Spelt (FS) fixture was used to generate different mode mixities (Fernlund and Spelt, 1994a, b; Papini et al., 1994) .
